A cucumber mosaic virus (CMV-Ix) from Ixora is unusual in that it does not support the accumulation of some well-characterized CMV satellite RNAs in plants. CMV-Ix can support a particular satellite RNA variant which causes lethal tomato necrosis when inoculated with other CMV strains but not when inoculated with CMV-Ix. This difference in ability to support accumulation of specific satellite variants is apparent even when their sequences differ by only 10 nucleotides. Electroporation of tomato protoplasts with combinations of CMV-Ix or CMV-1 RNA plus the same satellite variants showed similar differences in accumulation, indicating a defect in satellite RNA replication and not movement or encapsidation. Pseudorecombinant virus infections between CMV-1 and CMV-Ix indicated that the genomic determinants responsible for this phenotype reside on RNA 1 since only combinations with CMV-Ix RNA 1 failed to replicate satellite RNA. The complete genome of CMV-Ix was cloned, sequenced and compared with the genomes of other cucumoviruses. CMV-Ix is most similar in RNA and protein sequence to subgroup 1 CMV-Fny and CMV-Y but slightly less similar than they are to each other. CMV-Ix and all cucumovirus strains sequenced thus far share a domain in the 3' untranslated portion of their genomic RNAs in which 39 of 40 bases are completely conserved.
Introduction
Cucumber mosaic virus (CMV) is the type member of the genus Cucumovirus which also includes tomato aspermy virus (TAV) and peanut stunt virus (PSV). The cucumoviruses in turn belong to the larger Bromoviridae family whose members have divided genomes consisting of three (+)-strand RNAs and a subgenomic RNA 4 which is generated by transcription from RNA 3 and serves as messenger RNA for the viral capsid protein. CMV can infect over 800 species of plants and is an economically important pathogen of field-grown vegetables in many areas of the world. In addition, CMV has become a useful model system for the in vitro study of eukaryotic (+)-strand virus replication through the use of RNAdependent RNA polymerase (RdRp) preparations which are specific for CMV RNAs (Hayes & Buck, 1990; Wu et al., 1991) .
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The RNA sequences of CMV-Ix RNAs 1 3 have been deposited in the GenBank database with the accession numbers U20220, U20218 and U20219, respectively. Some isolates of CMV and PSV contain abundant amounts of a small RNA which is dependent on viral genomic RNA for its replication and spread, yet has no appreciable nucleotide sequence similarity with the viral RNA. Such CMV satellite RNAs have attracted considerable interest due to their ability to modify the disease symptoms induced by their 'helper' virus and thereby produce either a more or less severe form of disease (reviewed in Collmer & Howell, 1992) . The ability of some CMV satellite variants to attenuate virus diseases has been used to protect plants from CMV either by pre-inoculation of plants with a mild satelliteplus-virus combination (Montasser et al., 1991; Tien & Wu, 1991 ; Sayama et al., 1993) or by expressing satellite RNA sequences in transgenic plants (Harrison et al., 1987; Jacquemond et al., 1988; Zhao et al., 1990; McGarvey et al., 1994) . Satellite variants that induce new symptoms have been studied at a number of laboratories and the nucleotide sequences necessary for the induction of tomato necrosis and tobacco chlorosis have been described in detail (Collmer & Howell, 1992) . However, the role of the helper virus as an essential intermediary in all these processes is only beginning to be studied at the molecular level.
A CMV strain (CMV-Ix) originally isolated from Ixora (Waterworth & Povish, 1975 ) is unique in that it did not originally carry (Kaper & Tousignant, 1977) nor support the accumulation of certain necrogenic and nonnecrogenic satellite RNAs in tomato or tobacco (Kaper et al., 1990b) . However, CMV-Ix will support a satellite RNA variant designated T-CARNA 5 (CMV-associated RNA 5). This combination does not induce lethal necrosis in tomato even though T-CARNA 5 will induce necrosis when supported by other CMV strains, and the sequence of T-CARNA 5 is typical of necrosis-inducing CMV satellites (Kaper et aI., 1990b). Another Ixora CMV strain reported in the literature to support satellites has turned out to be a member of CMV subgroup 2 (Moriones et al., 1991 a). The CMV-Ix in this report has long been suspected to belong to subgroup 1 (Piazzolla et al., 1979), which has now been confirmed by its sequence. In this paper we report on further investigations into the unique properties of CMV-Ix. The ability of CMVIx to support the replication of CMV satellites was examined in tomato protoplasts. The viral genomic RNA component responsible for the inability of CMVIx to support satellite RNA accumulation was localized using pseudorecombinant virus infections between CMV-Ix and CMV-1 in plants, and the complete tripartite viral genome of CMV-Ix was cloned, sequenced, and compared with the genomes of other cucumovirus strains.
Methods
Virus sources and RNA preparations. Samples of CMV-Ix were obtained from the original investigators (Waterworth & Povish, 1975) and stored as purified RNA from infected Nicotiana tabacum cv. xanthi in our laboratory since 1976. CMV-1 was first characterized in infected cucumber by Doolittle (1916) . The relationship between our CMV-1 isolate and the original material has been described previously (Kaper et al., 1981) . Virions were purified from infected tomato leaves and encapsidated RNA was extracted. CMV satellite RNAs were separated from viral RNAs by several cycles of sucrose gradient centrifugation and purified RNAs were stored in water at -70 °C.
Electroporation of tomato protoplasts. The preparation of tomato protoplasts, electroporation with CMV and satellite RNA, and subsequent analysis were performed as described by Smith et al. (1992) . The concentrations of CMV genomic and satellite RNA used for electroporation were 1.8 gg/ml and 0.2 gg/ml, respectively. Total nucleic acids from protoplasts were extracted and electrophoresed through a 6 % polyacrylamide, 8 M-urea semi-denaturing gel (Kaper et al., 1981) at 300 V for 3 h, electrotransferred to nylon membranes, and then probed with 32P-labelled riboprobes for either D-CARNA 5 or genomic RNA sequences.
Pseudorecombinant virus infections.
One hundred micrograms of total CMV-Ix and CMV-1 RNAs were separated in a 2 % low melting point agarose gel in Tris-acetate/EDTA buffer (TAE) by electrophoresis at 75 V at 4 °C. The three genomic RNAs plus RNA 4 were visualized using ethidium bromide and UV light, individually excised, and then purified using an RNaid Kit (Bio 101). The purified RNA was precipitated with ammonium acetate and ethanol and stored at --70 °C. Prior to use the RNA was centrifuged, vacuum dried, and then suspended in 20 gl of water. To check for possible crosscontamination of individual genomic RNAs with one another, 1 gl of each preparation was analysed on Northern blots using a 4% polyacrylamide, 8M-urea gel, and hybridized with 32P-labelled riboprobes for the 3' ends of CMV-1 and CMV-Ix genomic RNAs. Only RNA preparations free of contamination were used (one was discarded).
To determine which of the two genomic RNAs, 1 or 2, required for CMV satellite replication in protoplasts (Nitta et al., 1988b) was responsible for the inability of CMV-Ix to support replication of some CMV satellites, RNAs 1 or 2 from each strain were individually combined with the two corresponding RNAs from the other strain to make complete pseudorecombinant mixtures containing RNAs 1-3. The mixtures were then combined with either D-CARNA 5 or T-CARNA 5 and inoculated directly onto tomato seedlings without prior passage through another plant. As a further control, six reconstituted RNA mixtures containing only two of the three genomic RNAs from each strain were prepared. A total of eight plant seedlings of two tomato varieties (Lycopersicon esculentum var.' UC82b' and' Rutgers') were mechanically inoculated with the pseudorecombinant and control mixtures in 0.03 M-Na~HPO 4, The concentration of genomic RNA in each inoculum was approximately 75 gg/ml and that of satellite RNA was 5 gg/ml. Plants were maintained in growth chambers at 24 °C with a 16 h photoperiod using fluorescent lights at 150 gE/m2/s. Total RNA was purified from infected plants 2 weeks after inoculation and was used to assay accumulation of satellite RNA by hybridization of Northern blots with satellite RNA riboprobes. The presence of genomic RNA was assessed by the presence of RNAs 3 and 4 on ethidium bromide stained gels or by probing Northern blots with 32P-labelled riboprobes for genomic RNA. To confirm that the genomic RNAs replicating in plants after infection were the same as those inoculated, 600 bp of the 5" ends of RNA 1 and 800 bp of RNA 2 were amplified using RT-PCR and primers for the 5' ends of RNAs 1 and 2 (see sequence below) and the primers 5' CCGCAGCCGCTTGAGTGC Y and 5' CACCATCTAAACCCTCGATGAC 3' for RNAs 1 and 2, respectively. Amplified cDNA was gel purified and digested with the restriction enzyme MseI. MseI cuts RNA 1 of CMV-1 at two sites (approximately 72 and 527 bp) and does not cut CMV-Ix. MseI cuts RNA 2 of CMV-1 at four sites, (approximately 58, 430, 721 and 729 bp) and CMV-Ix at three sites (440, 731 and 739 bp).
Primers.for cDNA synthesis. Synthetic deoxyoligonucleotides complementary to the 5' and 3' ends of CMV-Ix genomic RNA were purchased to prime first and second strand cDNA synthesis. Their sequence was selected after the sequence of the 3' end of CMV-Ix RNAs 1, 2 and 3 was determined by enzymic sequencing of z2p endlabelled, gel-purified RNA, and by comparison with published subgroup 1 CMV sequences (Rizzo & Palukaitis, 1988 . Previous nucleic acid hybridization studies had shown CMV-Ix to have a greater similarity to subgroup 1 CMVs than to subgroup 2 CMVs (Piazzolla et al., 1979; P. McGarvey, unpublished results) . First strand cDNA synthesis of all genomic RNAs was primed using the sequence 5' TGGTCTCCTTTTGGAGGCCC 3' or 5' TTGCGGCCGCTGGTC-TCCTTTTGGAGGCCC 3' containing a NotI restriction site near its 5' end. Second strand synthesis of RNAs 1 and 2 was primed using the sequence 5" GTTTATTTACAAGAGCGTACGG 3", and the sequence 5' GTAATCTTACCACTTGTGTG 3' was used for RNA 3. In addition, some experiments used primers containing a NotI restriction site near the 5' end of the primer and included the bacteriophage T7 promoter sequence adjacent to the 5' end of the viral RNA sequence. The sequence of these primers was 5' TTGCGGCCGCTAATACGA-CTCACTATAGGTTTATTTACAAGAGCGTACGG 3' for RNAs 1 and 2, and 5' AAGCGGCCGCTAATACGACTCACTATAGGTAA-TCTTACCACTTGTGTG 3" for RNA 3. All primers were phosphoryl-IP: 54.70.40.11
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Cloning of full-length cDNAs. First strand cDNA was synthesized as follows. Total CMV-Ix RNA (6 gg) was mixed with 0.1 ~tmol of 3' primer in 23 gl of water heated at 65 °C for 5 min, and was then put on ice. Reverse transcription was done in a final volume of 50 gl containing 50 mM-Tris-HC1 (pH 8.3), 50 mN-KC1, 10 mi-MgC1, 1 mM-DTT, 1 mM-EDTA, 10 gg/ml BSA, 0.5 mN of each dNTP, 4 ms-sodium pyrophosphate, 0.5 mi-spermidine hydrochloride, 4 U of RNasin (Promega), and 100U of AMV reverse transcriptase (Molecular Genetic Resources) at 40 °C for 1.5 h. Following reverse transcription the reaction mixture was moved to ice and either immediately used for second strand synthesis or extracted with phenol:chloroform (1 : 1, v/v) and precipitated with ammonium acetate and ethanol. Second strand synthesis was performed as follows. The first strand reaction mixture (22.5 lal) was combined with 10 gl of 5' primer (10 pmol/gl), put in boiling water for 4 rain and then moved to ice. The reaction occurred in a final volume of 100 gl containing the following: 50 mi-Tris-HCl (pH 8.0), 90 mM-KC1, 3.0 mN-MgC12, 3.0 mM-DTT, 4.4 mg/ml BSA, 0.2 mi of each dNTP, 25 U Escherichia coli DNA polymerase I (Promega), 2 U of RNase H (Gibco BRL), plus the carryover components from the first strand reaction. The reaction mixture was incubated at 14 °C for 2 h, inactivated at 70 °C for 10 min, followed by treatment with 4 U of T4 polymerase (Promega) for 10 rain at 37 °C. The cDNA was purified as described above and vacuum dried. The cDNA was then methylated in a total volume of 20 p~l containing 0"1 M-Tris-HC1 (pH 8.0), 10 mM-EDTA, 2 gg BSA, 0.1 mM-S-adenosyl methionine, and 40 U of EcoRI methylase (Promega) at 37 °C for 15 min; the enzyme was inactivated at 70 °C for 10 min, adjusted to 50 gl with TE buffer, and then extracted with phenol:chloroform. The aqueous layer was passed through a spun column (Promega) containing Sephacryl S-400 according to the manufacturer's directions, precipitated with sodium acetate and ethanol, washed with 70 % ethanol, and then vacuum dried. EcoRI linkers (Gibco BRL) were added to the cDNA using 5 gg EcoRI linkers, 2 txl 10 x ligase buffer (Promega), 2 gg BSA, 6 U of T4 DNA ligase (Promega) and 1 U of T4 RNA ligase in a final volume of 20 gl at 15 °C for 16 h. The reaction was heated to 70 °C for 10 rain and digested with 40 U of EcoRI in a final volume of 60 gl for 2 h at 37 °C. Following digestion, the cDNA mixture was electrophoresed through a 1% agarose gel and cDNA bands for RNAs 1, 2 and 3 were visualized with ethidium bromide and UV light, excised, and purified with a Geneclean kit (Bio 101). The purified cDNA was ligated into the EcoRI site of pGEM-3Zf(+) (Promega) and was used to transformed E. coli INV~f' (Invitrogen).
Some cDNA clones were obtained using Taq DNA polymerase and PCR to synthesize second strand cDNA and amplify full-length ds cDNA. In this case 2 gl of the first strand reaction was combined in a 50 jal reaction containing 50 mM-KC1, 10 mM-Tris-HC1 (pH 9'0), 1.5 mM-MgC1 v 0.1% Triton X-100, 0.2 mM of each dNTP, 30 pmol each of 5' and 3' primers, and 2.5 U of Taq DNA polymerase (Promega). The mixture was covered with light mineral oil and heated to 94 °C for 4 rain followed by 30 to 40 cycles of the following: 94 °C for 1 rain, 35 °C for 1 s increasing linearly in temperature to 72 °C over 3 min, 72 °C for 3 min. Following the last cycle the reaction was maintained at 72 °C for 7 vain. The reaction was extracted with chloroform, passed through a spun column (Promega) containing Sephacryl S-400, precipitated with sodium acetate and ethanol, spun in a microfuge for 15 min, washed with 70 % ethanol, dried under vacuum and dissolved in 10 ~tl of water. Five microlitres of the amplified cDNA was used in a ligation reaction with the plasmid pCR1000 and transformed into E. coli INVaf' using a TA Cloning Kit (Invitrogen)
following the manufacturer's directions.
Bacteria containing recombinant plasmids were selected on media containing appropriate antibiotics and X-Gal; plasmids were purified and analysed by restriction digestion. Plasmids that contained inserts of the sizes expected for full length cDNAs (2-3 kb) were s~P-labelled by nick-translation and were used to probe Northern blots of CMV RNA (Maniatis et al., 1982) . Plasmids that hybridized were used to retransform E. eoli, purified, and then used for DNA sequencing and further analysis.
DNA sequencing. The cDNA inserts were mapped by restriction digestion and selected restriction fragments were subcloned into appropriate plasmids for sequencing. Sequencing was done using a dsDNA Cycle Sequencing System (Gibco BRL) following the manufacturer's directions. M13 forward and reverse primers or CMV-Ix specific primers were used to sequence both DNA strands. Multiple clones of each genomic RNA were used to determine the sequences of the untranslated 5' and 3' ends and coding regions in which possible nucleotide or aa deletions were observed. Since the sequence of the 3' ends of the clones was introduced by synthetic primers whose sequence was in part inferred from other CMVs, total genomic RNA was polyadenylated with poly(A) polymerase (Maniatis et al., 1982) , the individual RNAs separated on agarose gels (as above), and the 3' end was amplified using PCR, Tth polymerase (Perkin-Elmer) and the primers 5' TTTTTTTTTTTGGTCTCC 3' and 5' GTCTGAAGTCA-CTAAACG 3'. The amplified fragment was gel purified and sequenced. Sequence analysis was aided by the DNA* sequence analysis computer packages for PC and Macintosh computers (DNASTAR, Madison, Wis., USA). similar to what has been shown in intact plants (Kaper et al., 1990a) . The presence of genomic RNA in all preparations was confirmed by the presence of RNAs 3 and 4 (not shown).
Results

Replication support of CMV satellite RNA in protoplasts
Pseudorecombinant CMV infections
For each pseudorecombinant mixture inoculation, 50-100 % of the inoculated plants became infected. Control inoculations in which one of the three genomic RNAs was omitted did not result in any infection as determined by the absence of symptoms and genomic RNA. The results of a Northern blot from six individual pseudorecombinant infections in the presence of T-or D-CARNA 5 are shown in Fig. 2 . T-CARNA 5 was found in all the pseudorecombinant mixtures (Fig. 2, lanes 1 
The sequences of CMV-Ix and other cucumoviruses compared
The R N A sequence and encoded aa sequences of RNAs 1-3 are shown in Figs 3, 4 and 5, respectively. The number of nucleotide differences between different CMVIx clones was relatively small consisting of nucleotide deletions of 1-21 bp. Of these deletions most were clearly cloning artefacts which disrupted a protein reading frame. The largest deletion of 21 bases was found in a region 41-20 bp from the 3' end of several (but not all) clones of RNAs 2 and 3. The sequence in this region can form a stem-loop next to the 3' end of the primer sequence and the deletion is assumed to be an artefact of reverse transcription. The corresponding R N A and aa sequences fi'om each of the five cucumovirus strains for which complete sequences of RNAs 1-3 have been reported (Rizzo & Palukaitis, 1988 Owen et al., 1990; Rezaian et al., 1984 Rezaian et al., , 1985 Davies & Symons, 1988; Nitta et al., 1988a; Kataoka et al., 1990a, b; O'Reilly et al., 1991 ; Bernal et al., 1991 ; Moriones et al., 1991 b; Karasawa et al., 1991 Karasawa et al., , 1992 were aligned globally with those of CMV-Ix using the Clustal algorithm (Higgins & Sharp, 1989) Moriones et al., 1991b; Karasawa et al., 1991 Karasawa et al., , 1992 . The sequence of the untranslated RNA at the 5' end of CMV-Ix RNAs is very similar in sequence and structure to the analogous regions of the subgroup 1 CMV-Fny and CMV-Y. RNAs 1 and 2 contain the 'ICR2-1ike' sequences and associated potential stemloop structures that are present in the untranslated 5' ends of other CMV strains and BMV (Pogue & Hall, 1992) . ICR2-1ike sequences are also found in the intercistronic region of RNA 3. The precise role of the ICR2 sequences is unclear; however, they may be related to (+)-strand replication in both CMV and BMV (Pogue & Hall, 1992; Suzuki et al., 1991; Boccard & Baulcombe, 1993) . The untranslated 3' ends of CMV-Ix RNAs are also very similar in sequence to the 3' ends of CMV-Fny and CMV-Y. The 'tRNA-like' structure described near the 3' ends of other cucumoviruses is also present in CMV-Ix RNA (not shown), and as is the case with the other cucumoviruses, CMV-Ix has some individual nucleotide substitutions which do not affect the overall base pairing model as proposed by Joshi et al. (1983) . In BMV similar tRNA-like structures seem to play a role in (-)-strand replication (Dreher et al., 1984) . Alignments of CMV-Ix genomic RNAs with the five other cucumovirus genomes revealed a highly conserved domain of 40 nucleotides preceding the tRNA-like structure at the 3' untranslated end (see Figs 3, 4, 5 and 8) . This is the longest stretch of highly conserved RNA sequence seen in our alignments of six cucumovirus genomes, and is found in all the cucumovirus genomic RNAs. All variation in this domain occurs at a single residue.
As expected the aa sequences of the four main proteins encoded by CMV-Ix have a higher degree of similarity to other CMVs than to the corresponding RNA sequences (see Fig. 6 ). In comparison to CMV-Fny and CMV-Y, CMV-Ix has no reading frame shifts and only a single aa deletion in the la protein as compared to CMV-Y (see Fig. 7 ). The 2a, 3a and capsid proteins (CP) of CMV-Ix have no frame shifts and no aa insertions or deletions as compared to CMV-Fny and CMV-Y (not shown). Alignments of CMV-Ix RNAs with CMV-Q RNAs are similar to those for CMV-Fny with CMV-Q (Rizzo & Palukaitis, 1988 Owen et al., 1990) . Substituted aa are distributed throughout the CMV-Ix proteins in a manner consistent with that previously observed in other cucumovirus proteins, being more numerous in regions previously observed to be less conserved among the other CMVs (Palukaitis et al., 1992) and the other cucumoviruses (Moriones et al., 1991b; Bernal et al., 1991; O'Reilly et al., 1991; Karasawa et al., 1991 Karasawa et al., , 1992 . For an example, see the alignment of protein la in Fig. 8 .
Recently Ding et al. (1994) identified an ORF 2b present on RNA 2 in the CMV genome and in a subgenomic RNA 4A found in CMV-Q preparations. A subgenomic RNA similar to that seen with CMV-Q has yet to be identified in CMV-Ix preparations. The ORF 2b is present in CMV-Ix (see Fig. 4 ) and encodes a polypeptide 134 aa in length with a predicted molecular mass of 15730 Da. The ORF 2b in CMV-Ix encodes a polypeptide that is 24 aa longer than those found in CMV-Fny and CMV-Y due to a C-terminal extension. Alignment of the aa sequence of ORF 2b of CMV-Ix with the five other cucumoviruses show it to be lower in similarity than any of the other four genes (see Fig. 6 ). This difference holds even if the extra C-terminal aa present in CMV-Ix are omitted from the analysis (not shown).
Discussion
The first report on the CMV strain from Ixora documented its uniqueness in symptomatology (Waterworth & Povish, 1975) . Other early work (Kaper & Tousignant, 1977) showed its failure to support the accumulation of satellite RNA isolated from CMV-S. The satellite isolate used in that work turned out to be a mixture of both a necrogenic and a non-necrogenic satellite RNA (Avila- Rincon et al., 1986) . Subsequent research showed that CMV-Ix could support the accumulation of a necrogenic satellite T-CARNA 5, albeit without the induction of tomato necrosis, but not the prototype necrogenic satellite D-CARNA 5, although it shares 97 % sequence identity with T-CARNA 5 (Kaper et al., 1990b) .
The failure of D-and S-CARNA 5 to accumulate in CMV-Ix-infected tomato protoplasts indicates a defect in the ability of the viral replicase to replicate these satellite RNAs. A failure in either cell-to-cell movement or encapsidation of the satellite is unlikely since RNA 3, which encodes the viral coat protein and putative movement protein, is not required for the accumulation of either RNA 1, RNA 2 or satellite RNA in protoplast suspensions (Nitta et al., 1988b) . Transgenic tomato Fig. 3 . Sequence of CMV-Ix RNA 1. The sequence of the 993 aa la protein is shown below its RNA coding sequence. The underlined aa sequence closest to the N terminus of the protein represents a conserved putative methyltransferase domain (Mi et al., 1989) . The six underlined aa domains nearer the C terminus represent conserved domains associated with RNA helicase activity (Habili & Symons, 1989) . The underlined RNA sequence in the 3" untranslated region represents a 40 nucleotide sequence domain conserved in all cucumovirus RNA sequences (see Fig. 8 ). (Habili & Symons, 1989) . The underlined aa residues in 2b are found in all cucumovirus sequences. The underlined RNA sequence in the 3' untranslated region represents a 40 nucleotide sequence domain conserved in all cucumovirus RNA sequences (see Fig. 8 ). PG satellite is of interest as it was the main aetiological agent responsible for a massive outbreak of tomato necrosis disease in Italy during 1988 (Kaper et al., 1990 a) . The pseudorecombinant infections indicate that the primary genetic determinants in CMV-Ix responsible for its failure to support the replication of certain satellite RNA variants reside on RNA 1, since only combinations containing CMV-Ix RNA 1 failed to show any detectable D-CARNA 5 accumulation (see Fig. 2 ). This result is consistent with previous observations: that only RNAs 1 and 2 are required for CMV genomic and satellite RNA replication in protoplasts (Nitta et al., 1988b) ; that the la and 2a polypeptides plus at least one host component were shown to be the main constituents of the CMV viral replicase (Hayes & Buck, 1990) , which also replicates CMV satellite RNA Hayes et al., 1992) ; and that pseudorecombinant studies on the replication support of the CMV satellite WL-1 in zucchini squash also mapped to RNA 1 (Roossinck & Palukaitis, 1991) . The la polypeptide is thought to have both methyltransferase (Mi et al., 1989) and RNA helicase activities (Habili & Symons, 1989) . Alterations in the aa sequence of the putative RNA helicase gene of turnip crinkle virus (TCV) also have a pronounced effect on the symptom modulation of the satellite RNAs of this virus, possibly through differences in the rate of satellite replication (Collmer et al., 1992) similar to what has been demonstrated with CMV-Ix and T-CARNA 5 (Kaper et al., 1990b) , although here replication support of some other satellite RNAs is abolished.
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P. McGarvey and others
The nucleotide sequence and genetic structure of CMV-Ix are most similar to those of subgroup 1 CMVs and there are no large sequence variations, frameshifts or other rearrangements that might provide a reason for its unique properties. The greatest difference between CMVIx and the other subgroup 1 CMVs lies in the recently described ORF 2b (Ding et al., 1994) on RNA 2 which is significantly less similar to the ORF 2bs of CMV-Fny and CMV-Y than they are to each other and is the least conserved gene overall (see Fig. 6 ). Comparisons between the 3' untranslated ends of 18 cucumovirus RNAs also revealed a very highly conserved RNA sequence domain of 40 nucleotides in which all variation occurs at a single nucleotide (see Figs 3, 4, 5 and 8) . No structure or function for this sequence has yet been identified. However, such a high degree of sequence conservation indicates an important function as a structural and/or binding domain. The conserved sequence may prove useful as a diagnostic signature sequence for cucumoviruses. Boccard & Baulcombe (1993) noted the high degree of conservation in sequences that overlap this domain in comparisons of the RNA 3 components of cucumoviruses. They also showed that deletions which included this region prevented detectable RNA 3 accumulation in protoplasts. The analogous region in BMV shows no obvious sequence similarity to this domain and contains putative stem-loop structures (not seen in CMV) which have been shown to have a role in RNA replication in protoplasts (Lahser et al., 1993) .
Our present knowledge of the molecular biology of cucumoviruses does not allow us to point to particular differences within the RNA or aa sequences of CMV-Ix RNA 1 that may be responsible for its inability to replicate some CMV satellite RNAs (see Fig. 7 ). We have recently constructed biologically active RNA transcripts from CMV-Ix clones that support T-CARNA 5 but not D-CARNA 5 (M. Tousignant and others, unpublished). Infectious genomic transcripts coupled with infectious satellite RNA transcripts and purified RdRp preparations (Wu et al., 1993) should allow future work to identify the RNA and/or protein structures responsible for the biological properties of CMV-Ix and serve as a model to study interactions between the viral replicase and its RNA templates.
